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ABSTRACT 
Purpose. The aim of this work is to show whether or not a relationship exist among the different volumetric strain 
quantities and to assess also whether the volumetric quantities are related to the different types of volumetric strain 
curves under failure-deformation process of hard brittle rocks. 
Methods. Tests were conducted to determine the post failure stress-strain curves of different 83 rocks types under 
uniaxial compression using a closed loop servo-controlled testing system in accordance to ISRM (International Society 
for Rock Mechanics) suggested standards. 
Findings. The result show that the volumetric strains quantities are related by power form law. It was established that 
there is a connection between the volumetric strains quantities and the types of the volumetric strains curves. The 
first type volumetric strain curves contains the Class I and progress to Class II while the type three volumetric strain 
curves are entirely Class II rock. 
Originality. No experimental results have been published, which describe the connection between the type of volu-
metric strain curves and volumetric strain quantities or attempt to relate the volumetric strain quantities with type of 
post-failure stress-strain characteristic curves response of rocks under uniaxial compression. Most researchers in rock 
mechanics studies have so far been focused on the crack damage stress (σcd) and uniaxial compressive strength (σc) of 
characteristic stress levels during compression in which σcd = Ɛcd and σcd = σc to study deformation behavior of rocks. 
Practical implications. It was also observed that the difficulty in obtaining the post-failure curves increases from type one 
to type two and type three volumetric strain curves respectively. It could guide personnel conducting tests using closed-
loop servo-controlled testing system, if dangerous situation or equipment damage could occur (especially with the third 
type deformation process) so that testing is performed safely. It could also be useful in understand-ding the total process of 
specimen deformation and estimation of the rocks brittleness (e.g. brittle for Class II and less brittle or ductile for Class I). 
Keywords: post-failure curves, deformation process, elastic volumetric strain, volumetric slope, maximum total 
volumetric strain, brittle rocks 
 
1. INTRODUCTION AND BRIEF 
LITERATURE REVIEW 
Deformation and fracture characteristics of brittle 
rocks have been studied by earlier researchers 
(Bieniawski, 1967b; Wawersik & Fairhurst, 1970; Martin 
& Chandler, 1994). The common agreement among them 
was that the failure process occurs in stages. The stages 
were determined from stress-strain characteristic curves 
obtained from axial and lateral deformation measure-
ments during laboratory uniaxial compression test. 
Brace, Paulding, & Scholz (1966) and Bieniawski 
(1967a) evaluated stress-strain behaviour of a deformed 
material and classified the deformation steps in the brittle 
fracture process (Fig. 1) as follows: 
– closing of cracks (or crack closure) (stage I); 
– linear elastic deformation (or fracture initiation) 
(stage II); 
– stable fracture propagation (or critical energy  
release) (stage III); 
– unstable fracture propagation (or material failure) 
(stage IV). 
After stage IV is reached sophisticated procedure is 
needed to obtain further information on the post-failure 
characteristic behaviour of the stress-strain curves. 
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Figure 1. Normalized stress-strain curves, marble specimen 
for type 1 volumetric strain curves 
In order to achieve this closed loop servo-controlled 
testing system is used using output of the lateral strain 
as the feedback signal. The post-failure regime is 
shown in Figure 2. 
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Figure 2. Post-failure stress-strain curves, marble specimen 
Crack closure occurs during the early stage of load-
ing (crack closure corresponds to stage I, Figure 1). At 
this stage, the stress-strain curve is slightly inclined 
towards the axial strain. As a result, the pre-existing 
cracks inclined to the applied load are closed (Eber-
hardt, Stead, & Szczepanik, 1998). At the crack closure 
stage, the stress-strain curve is nonlinear and expresses 
an increase in axial stiffness (i.e. deformation modulus). 
The size of this nonlinearity depends “on the initial 
crack density and geometrical characteristics of the 
crack population” (Eberhardt, Stead, & Szczepanik, 
1998). After the pre-existing cracks are closed, linear 
elastic deformation takes place. 
Unstable crack growth occurs at the point of reversal 
of the volumetric strain curve (stage III, Figure 1). This 
stage is known as the point of critical energy release or 
crack damaged stress threshold (Martin, 1993). 
Bieniawski (1967c) defined unstable crack propagation 
as the condition which occurs when the relationship 
between the applied stress and the crack length ceases to 
exist. Therefore, this is when the crack growth velocity, 
takes over in the propagation process. The velocity of the 
crack propagation increases from stage III and reaches its 
maximum (terminal velocity) (Eq. 1) at stage IV: 
0.38t
Ev
ρ
= ,       (1) 
where: 
E – the elastic modulus and p is the density of the 
rock specimen. 
In the opinion of Craggs (1960), as crack velocity in-
creases, the force needed to uphold crack propagation 
decreases. Unstable fracture propagation starts when the 
strain energy release rate attains a critical value (Kemeny 
& Cook, 1986). The cracks continue to extend because of 
the strain energy stored within the specimen. 
The generation of cracks will lead to increase in the 
volume of rocks. For that reason, the change in volume 
signifies the extent in which the rock specimens are  
damaged (Qiaoxing, 2006). Therefore, it can be implicit-
ly said that the volume change is related to the damage. 
Many researchers have endeavored to compare the de-
gree of damage to the change of the inelastic volumetric 
strain (Eberhardt, Stead, & Szczepanik, 1998; Lau & 
Chandler, 2004; Pérez Hidalgo & Nordlund, 2013). Mar-
tin (1993) described the inelastic volumetric strain as the 
crack volumetric strain that is attributed to axial cracking 
and proposed using the calculated crack volumetric strain 
to identify crack initiation. The calculated crack volumet-
ric strain is the difference between the total volumetric 
strain (i.e. Ɛa + 2Ɛr) and the elastic volumetric strain. 
Expression in Equation 2 is used to estimate the elastic 
volumetric strain: 
21cr
v
E
ε σ
 
= − ⋅   ,      (2) 
where: 
v – Poisson’s ratio; 
E – modulus of elasticity and σ is the axial stress. 
Kim, Lee, Cho, Choi, & Cho (2015) observed that 
most of the damage (about 78% of the total damage) 
occurred after the crack damage stress. They found that 
the unstable crack propagation and crack coalescence 
played a much larger role than initiation of new cracks 
and stable crack growth in the development of signifi-
cant damage in rock. They assumed that damage accu-
mulation does not occur below the crack initiation 
stress threshold. This position was based on the  
fact that damage does not accumulate in an elastic 
region of a material, that is, between crack closure and 
crack initiation. 
The crack damage stress σcd is the stress level at 
which the maximum total volumetric strain is attained 
(Palchik & Hatzor, 2002). Therefore, at the point of 
crack damage stress σcd the maximum total volumetric 
strain is attained (i.e. σcd = Ɛcd). The point at which 
σcd = Ɛcd defines the type one and type two volumetric 
strain curves in which type one has negative total volu-
metric strain (Figure 1 with the post-failure characteristic 
curves shown in Figure 2) and type two with positive 
total volumetric strain (Figure 3 with the post-failure 
characteristic curves shown in Figure 4). The type one 
and type two volumetric strain curves have reversal at 
crack damage stress level σcd. 
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Figure 3. Normalized stress-strain curves, troctolite specimen 
for type 2 volumetric strain curves 
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Figure 4. Post-failure stress-strain curves, troctolite specimen 
When the maximum total volumetric strain is attained 
at the uniaxial compressive strength of the rocks, σc (i.e. 
σcd = σc) define the type 3 volumetric strain curve. In this 
case, the bulk volume of rock decreases until failure 
occurs (Figure 5 with the post-failure characteristic curve 
shown in Figure 6). 
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Figure 5. Normalized stress-strain curves, quartzite 2 speci-
men for type 3 volumetric strain curves 
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Figure 6. Post-failure stress-strain curves, quartzite 2 specimen 
Most researchers in rock mechanics studies have so 
far been focused on the crack damage stress (σcd) and 
uniaxial compressive strength (σc) of characteristic stress 
levels during compression in which σcd = Ɛcd and σcd = σc 
to evaluate damage in rocks (e.g. Palchik & Hatzor, 
2002; Cai et al., 2004; Katz & Reches, 2004; Palchik, 
2009; Stefanov, Chertov, Aidagulov, & Myasnikov, 
2011). This work will evaluate different types of volu-
metric strain quantities and their relationships. It will also 
evaluate their relationships for different groups of volu-
metric strain curves types. This work will attempt to 
provide answers to the following questions. Is there a 
connection among the volumetric strain quantities? Is the 
volumetric strain quantities related to the types of the 
volumetric strain curves? Which type(s) of volumetric 
strain curve(s) are more connected or can be linked with 
the type of post-failure stress-strain characteristic curves 
response (class I or class II)? To the author’s knowledge, 
so far no experimental results have been published, 
which describe the connection between the type of volu-
metric strain curves and volumetric strain quantities or 
attempt to relate the volumetric strain quantities with 
type of post-failure stress-strain characteristic curves 
response of rocks under uniaxial compression. 
2. METHOD 
Complete stress-strain curves were determined under 
unconfined uniaxial compression test using a closed loop 
servo-controlled testing system in order to estimate the 
mechanical properties of 83 different rocks types  
from different origins (53 igneous, 10 sedimentary and 
20 metamorphic). The testing procedures for the deter-
mination of complete stress-strain curves of the rocks 
have been done according to ISRM suggested method 
(Ulusay, 2015). The strength parameters were estimated 
according to ISRM suggested methods (Ulusay, 2015). In 
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this case the uniaxial compression strength (UCS) is the 
stress level at specimen failure load. The elastic modulus, 
E, is estimated as the average modulus of the slope of 
linear portion of axial stress-strain curves (this is esti-
mated at about 30 to 70% at the axial stress level) 
(Fig. 2). The Poisson’s ratio, v, is calculated as the ratio 
of radial strain to axial strain at 50% axial stress level 
(Fig. 6). Five tests were performed for each rock type 
and the average value calculated. 
The stress-strain curves were determined for the dif-
ferent 83 rocks types with UCS ranging from 640.9 MPa 
to 43.7 MPa with an average value of 216.1 MPa and E 
ranging from 150 GPa to 25 GPa with an average value 
of 69 GPa; and v ranging from 0.4108 to 0.0824 with an 
average value of 0.2315. The post-failure moduli were 
used to characterise the rocks as Class I for negative sign 
modulus and Class II for positive sign modulus. How the 
post-failure moduli were estimated from the stress-strain 
curves has been described elsewhere (Akinbinu, 2017). 
The characteristic behaviour of Class I and Class II rocks 
and their response under axial loading condition has been 
described by Akinbinu (2016). 
Stress-axial, radial and total volumetric strain curves 
for the various brittle rocks up to strength failure were 
constructed according to Martin and Chandler (1994) and 
Bieniawski (1967a) to show the stages in the deformation 
process and were grouped into the different volumetric 
strain curves types (types 1 – 3). The quantities relating 
to the volumetric strain curve which include the maxi-
mum total volumetric strain Ɛcd and elastic volumetric 
strain were estimated to represent volumetric quantities 
of the failure-deformation process of the brittle rocks. In 
this study the slope of total volumetric strain and norma-
lized axial stress curve is also evaluated to represent 
volumetric quantity of the deformation process. The 
slope of the curves were determined from the linear part 
of total volumetric strain and normalized axial stress 
curves such that a tangent is drawn parallel to the linear 
elastic deformation stage (i.e. from end of crack closure 
to the end of linear elastic deformation stage, see Fig-
ures 1, 3, 5). It can be defined as the total volumetric 
strain per unit normalised stress. 
The volumetric strain quantities were compared with 
each other in order to see if there exists a connection 
between them. The quantities were also compared for 
each type of the volumetric strain curves grouped as type 
one, type two and type three respectively. These defor-
mation process types or the types of volumetric strain 
curves were also compared with shapes of the post-
failure regime linked to the difficulty in obtaining it. The 
approach was to find out if the volumetric strain quanti-
ties are related to each other, whether the quantities are 
related to the types of volumetric curves and what effect 
the volumetric strain quantities have on the characteristic 
shapes of the post-failure curves. 
3. RESULTS AND DISCUSSION 
The author use of crack damage stress (σcd) and maxi-
mum total volumetric strain (Ɛcd) in which σcd = Ɛcd to 
characterise volumetric strain curves from normalised 
pre-failure stress-strain curves has enables to divide the 
type one volumetric strain curve into two types. The first 
type has a negative total volumetric strain and with a 
point of reversal at crack damage stress. The second type 
has positive total volumetric strain with reversal point at 
crack-damaged stress. For rocks that exhibited the first 
type of deformation process, the volumetric strain curve 
is shown in Figure 1 while post-failure characteristic 
curves is shown in Figure 2 as an example for the type. 
The post-failure stress-strain curves for this type of 
rocks are relatively easy to perform. The type 2 volu-
metric strain curve is shown in Figure 3 and characteris-
tic post-failure stress-strain curve is shown in Figure 4 
as an example for the second type. For the second type 
volumetric strain curve, the process of unstable crack 
propagation (stage IV) has a small duration. Thus, the 
rocks exhi-bited a higher velocity of microcracks prop-
agation. This made it difficult to control the post-failure 
curves than the type one volumetric strain curves  
because of the short duration of the crack damage stress 
threshold to rupture.  
For the third type of volumetric strain curves, the 
crack induced stress and the structural failure of the 
rock specimen occurred together (Fig. 5) with charac-
teristic post-failure stress-strain curve shown in Fig-
ure 6. There was no reversal of the total volumetric 
strain so there was continued decrease in rock volume. 
The control feedback, the circumferential strain, does 
not continuously increase with the applied load after the 
peak load. Instead, the deformation became self-
sustaining and as a result the microcracking of the ma-
terial continued on its own accord. 
Furthermore, unstable crack growth occurs at the 
onset of the crack initiation stress for the third type 
volumetric strain curve. The critical energy release 
rate or crack damage stress threshold started much 
earlier for this type of curve than observed with oth-
ers. Under this condition, the relationship between the 
applied stress and the crack length ceases to exist and 
other parameters, such as the crack growth velocity (as 
described in Equation 1), take control of the propaga-
tion process. These specimens exhibit high mi-
crocracking propagation velocity. The cracks contin-
ued to extend because the elastic strain energy stored 
within the specimen is released. The elastic strain 
energy accumulated in the system during loading and 
available for rupture development in the post-failure 
region was higher than the work that the specimen can 
do at the post-failure phase. 
The difficulty in obtaining the post-failure curves in-
creases as the total volumetric strain approaches a posi-
tive value. In other words, difficulty in obtaining the 
post-failure curves increases from the first type to the 
second type and finally the third type volumetric strain 
curves. For the first and second types, the four stages of 
deformation process are identifiable while only three 
stages of deformation process are identifiable with the 
third type (Figs. 1, 3, 5). The first type deformation pro-
cess contains the Class I while the second and third types 
show entirely Class II characteristic behaviour. 
The volumetric strain quantities were compared with 
each other. The comparisons show that there exists a 
relationship among the volumetric strain quantities 
(Figs. 7 – 9).  
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Figure 7. Maximum total volumetric strain and slope for 
combined sample 
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Figure 8. Maximum total volumetric strain and calculated 
volumetric crack for combined sample 
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Figure 9. Elastic volumetric strain and slope for combined 
sample 
The volumetric strain quantities are related with each 
other by power form law and can be expressed as 
Ɛcd = kθ–n and Ɛcd = Ɛcrn and Ɛcr = kθ–n power form func-
tions in which k and n can be termed as volumetric strain 
constants and exponents. The correlation coefficients of 
maximum total volumetric strain with slope of the nor-
malised stress-total volumetric strain and with the elastic 
volumetric strain are significant, 0.89 and 0.92 respec-
tively. These strong correlation coefficients simply show 
that these quantities are connected with each other and 
therefore are mathematically related by power form law. 
Similarly the elastic volumetric strain correlated with the 
slope of normalised stress-total volumetric strain curve 
with a coefficient of correlation of 0.79. The relationship 
of maximum total volumetric strain with the slope of the 
normalised stress-total volumetric strain curve can better 
be described as Ɛcd = 0.102 / θ0.89. 
This is to say that as the slope of the normalised 
stress-total volumetric strain curve increases, the maxi-
mum total volumetric strain decay (decrease) by power 
of 0.89 of the slope of normalised stress-total volumetric 
strain curve. The relationship of maximum total volumet-
ric strain with elastic volumetric strain can be expressed 
by the power form law Ɛcd = Ɛcr1.026. So, as the elastic 
volumetric strain increases the maximum total volumet-
ric strain increases by 1.026 power form of the elastic 
volumetric strain. 
In addition the volumetric strain quantities were  
coordinated such that the quantities were compared for 
each group of the different types of volumetric strain 
curves. The volumetric strain quantities show relation-
ships with the different groups of the types of volumet-
ric strain curves. The maximum total volumetric strain 
is related with the slope of normalised stress-total vo-
lumetric strain curve for each group of the different 
types of volumetric strain curves by power form func-
tion. The curvature of the concave curve get deeper and 
closer to the X – Y axis as the volumetric strain curves 
changes from type one to type two and type three  
respectively (Figs. 10 – 12). 
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Figure. 10 Maximum total volumetric strain and slope for 
type 1 volumetric strain curve 
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Figure 11. Maximum total volumetric strain and slope for 
type 2 volumetric strain curve 
The coefficient of correlation increases from type one 
to type two and type three volumetric strain curves, 
0.749, 0.863 and 0.952 respectively (Figs. 10 – 12). The 
relationship with the different types of volumetric strain 
curves are described as Ɛcd = 0.026θ–0.62, Ɛcd = 0.090–0.87 
and Ɛcd = 0.144θ–0.95 for type one to type two and type 
three respectively. 
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Figure 12. Maximum total volumetric strain and slope for 
type 3 volumetric strain curve 
The constants or coefficient of the equations can be 
termed as the “coefficient of volumetric strain stiffness 
moduli”. The ratios of the “coefficient of the volumetric 
strain stiffness modulus” for type one to type two and 
type three volumetric strain curves are 1:3.5:5.5 respec-
tively. This “coefficient of volumetric strain stiffness 
modulus” increases from type one to type two and type 
three of volumetric strain curves respectively. 
Similarly, the elastic volumetric strain is related with 
the slope of normalised stress-total volumetric strain 
curve by power form function. The curvature of the con-
cave curve get deeper and closer to the X – Y axis as the 
volumetric strain curves changes from type one to type 
two and type three respectively. The coefficient of corre-
lation increases from type one to type two and type three 
volumetric strain curves, 0.581, 0.811 and 0.943 respec-
tively (Figs. 13 – 15).  
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Figure 13. Elastic volumetric strain and slope for type 1  
volumetric strain curve 
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Figure 14. Elastic volumetric strain and slope for type 2  
volumetric strain curve 
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Figure 15. Elastic volumetric strain and slope for type 3 vol-
umetric strain curve 
The relationship of the volumetric strain quantities with 
the different types of volumetric strain curves are described 
as Ɛcr = 19.38θ–0.46, Ɛcr = 78.13θ–0.78 and Ɛcr = 87.84θ–0.83 
respectively. The ratios of the “coefficient of the volumetric 
strain stiffness modulus” for type one to type two and type 
three volumetric strain curves are 1:4.0:4.5 for type one: 
type two: type three volumetric strain curves respectively. 
The ratios increase from type one to type two and type 
three volumetric strain curves respectively.  
The elastic volumetric strain is related with the maximum 
total volumetric strain for type one to type two and type three 
volumetric strain curves by power form function. The elastic 
volumetric strain is related with the maximum total volumet-
ric strains linearly but power form law show slightly higher 
correlation. The coefficient of correlations increases from 
type one to type two and type three of volumetric strain 
curves, 0.764, 0.966 and 0.983 respectively (Figs. 16 – 18).  
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Figure 16. Maximum total volumetric strain and calculated 
volumetric crack for type 1 volumetric strain curve 
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Figure 17. Maximum total volumetric strain and calculated 
volumetric crack for type 2 volumetric strain curve 
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Figure 18. Maximum total volumetric strain and calculated 
volumetric crack for type 3 volumetric strain curve 
The relationship with the different types of volumet-
ric strain curves are described as Ɛcd = Ɛcr1.031; 
Ɛcd = Ɛcr1.054 and Ɛcd = Ɛcr1.054 respectively. 
 
4. CONCLUSIONS 
This research work has demonstrated that volumetric 
strain quantities are related with each other and also sepa-
rately related with the types of the volumetric strain curves 
grouped as type one, type two and type three by power 
form functions. In all cases the coefficient of correlation 
between the volumetric strain quantities and types of vo-
lumetric strain curves increases from type one to type two 
and type three volumetric strain curves respectively. The 
type one volumetric strain curve are Class I rocks while 
type two and type three contained Class II rocks types. The 
type one is ductile or less brittle while the type two and 
type three are brittle and very brittle respectively under 
axial loading condition. The difficulty in obtaining the 
post-failure curves increases as the total volumetric strain 
approaches a positive value. In other words, difficulty in 
obtaining the post-failure curves increases from the first 
type to the second type and finally the third type. 
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ОЦІНКА ВЕЛИЧИН ОБ’ЄМНОЇ ДЕФОРМАЦІЇ ТА ТИПІВ КРИВИХ, ЩО ЇЇ  
ОПИСУЮТЬ, ПРИ ДЕФОРМАЦІЇ ТА РУЙНУВАННІ ТВЕРДИХ КРИХКИХ ПОРІД 
В.А. Акінбіну, Е.О. Аджака, Д.Дж. Афу 
Мета. Встановлення та оцінка взаємозв’язку між різними величинами та типами кривих об’ємної деформа-
ції у процесі одноосьового стиску жорстких крихких порід. 
Методика. Повні криві напруження й деформації визначалися при необмеженому одноосьовому випробу-
ванні на стиск з використанням системи сервокерованого контролю із замкнутим контуром для оцінки механіч-
них властивостей 83 різних типів порід (53 вивержених, 10 осадових і 20 метаморфічних). Процедури випробу-
вань для визначення повних кривих напружень і деформацій гірських порід, а також параметрів їх міцності 
проводилися відповідно до запропонованого ISRM методу. 
Результати. Дослідження показали, що залежність величин об’ємної деформації описується степеневим  
законом. Встановлено, що існує зв’язок між величинами об’ємної деформації та типами кривих, що її опису-
ють. Перший тип кривих об’ємної деформації відповідає породам класу I з переходом до класу II, у той час як 
криві третього типу повністю відповідають породам класу II. 
Наукова новизна. Вперше експериментальним шляхом встановлено взаємозв’язок між типами кривих 
об’ємної деформації та її величиною. Зроблені перші спроби пов’язати величину об’ємної деформації з криви-
ми напруження – деформації порід після руйнування при одноосьовому стиску, у той час як попередні резуль-
тати отримані під час стиску. 
Практична значимість. Складність отримання кривих для стану породи після руйнування збільшується з 
переходом від 1 типу кривих об’ємної деформації до 2 і 3 типу, що є важливим аспектом для безпечного  
тестування порід персоналом. Результати роботи представляють інтерес для розуміння загальних процесів  
деформації зразка та оцінки крихкості порід (наприклад, крихкі породи класу II і менш крихкі або більш  
пластичні породи класу I). 
Ключові слова: криві стану після руйнування, процес деформації, еластична об’ємна деформація, крива 
об’ємної деформації, загальна максимальна об’ємна деформація, крихкі породи 
ОЦЕНКА ВЕЛИЧИН ОБЪЕМНОЙ ДЕФОРМАЦИИ И ТИПОВ ОПИСЫВАЮЩИХ 
ЕЕ КРИВЫХ ПРИ ДЕФОРМАЦИИ И РАЗРУШЕНИИ ТВЕРДЫХ ХРУПКИХ ПОРОД 
В.А. Акинбину, Э.О. Аджака, Д.Дж. Афу 
Цель. Установление и оценка взаимосвязи между различными величинами и типами кривых объемной де-
формации в процессе одноосного сжатия жестких хрупких пород. 
Методика. Полные кривые напряжения и деформации определялись при неограниченном одноосном испы-
тании на сжатие с использованием системы сервоуправляемого контроля с замкнутым контуром для оценки 
механических свойств 83 различных типов пород (53 изверженных, 10 осадочных и 20 метаморфических). Про-
цедуры испытаний для определения полных кривых напряжений и деформаций горных пород, а также парамет-
ров их прочности проводились в соответствии с предложенным ISRM методом. 
Результаты. Исследование показали, что зависимость величин объемной деформации описывается степен-
ным законом. Установлено, что существует связь между величинами объемной деформации и типами описы-
вающих ее кривых. Первый тип кривых объемной деформации соответствует породам класса I с переходом к 
классу II, в то время как кривые третьего типа полностью соответствуют породам класса II. 
Научная новизна. Впервые экспериментальным путем установлена взаимосвязь между типами кривых 
объемной деформации и ее величиной. Предприняты первые попытки связать величину объемной деформации 
с кривыми напряжения – деформации пород после разрушения при одноосном сжатии, в то время как преды-
дущие результаты получены во время сжатия. 
Практическая значимость. Сложность получения кривых для состояния породы после разрушения увели-
чивается по мере перехода от 1 типа кривых объемной деформации ко 2 и 3 типу, что является важным аспек-
том для безопасного тестирования пород персоналом. Результаты работы представляют интерес для понимания 
общих процессов деформации образца и оценки хрупкости пород (например, хрупкие породы класса II и менее 
хрупкие или более пластичные породы класса I). 
Ключевые слова: кривые состояния после разрушения, процесс деформации, эластичная объемная дефор-
мация, кривая объемной деформации, общая максимальная объемная деформация, хрупкие породы 
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